The increase in the number of Unmanned Aerial Vehicles (UAVs) and Micro Air Vehicles (MAVs), which are used in a variety of applications has led to a surge in low Reynolds number aerodynamics research. Flow around fixedwing MAVs has an unusual behavior due to its low aspect ratio and operates at low Reynolds number, which demanded to upgrade the used wind tunnel for this study. This upgrade enables measuring the small aerodynamics forces and moment of fixed-wing MAVs. The wind tunnel used in this work is upgraded with a state of art data acquisition system to deal with the different sensors signals in the wind tunnel. For accurate measurements, the sting balance, angle sensor, and airspeed sensor are calibrated. For validation purposes, an experiment is made on a low aspect ratio flat plate wing at low Reynolds number, and the measured data are corrected and compared with published results. The procedure presented in this paper for the first time gave a detailed and complete guide for upgrading and calibrating old wind tunnel, all the required corrections to correct the measured data was presented, the turbulence level correction new technique presented in this paper could be used to estimate the flow turbulence effect on the measured data and correct the measured data against published data.
Introduction
Several computational and experimental have attempted to compute MAV's aerodynamic forces and moments Hassanalian, Khaki, & Khosrawi, 2015) . The simple Vortex Lattice Method was used by Stewart et al. (2007) and Hrad (2010) for aerodynamic analysis of the fixed-wing MAVs; however, these computational studies showed a low accuracy compared to experimental results. Rezaei and Taha (2017) utilized Computational Fluid Dynamics (CFD) techniques to investigate the unsteady aerodynamic response of a pitching NACA 0012 airfoil. In this study, the solution was validated versus wind tunnel testing. Mueller (2000) used an iterative design process to generate several conceptual designs and the most promising design was fabricated and tested in a wind tunnel. Experimental results were used to further refine the design. Torres and Mueller (2000) presented a detailed design procedure for MAVs based on wind tunnel data. A complete study for one MAV with an inverse Zimmermann platform was conducted in this study. In the experiment, an investigation was carried out to study (i) aerodynamic characteristics of the vehicle in the range of expected incidence and sideslip angles during the flight, (ii) the propeller effect on the aerodynamic data, and (iii) control surface effectiveness with additional incidence. Ohanian et al. (2012) used a wind tunnel to compare morphing control surfaces designs employing piezoelectric Macro Fiber Composite (MFC) actuators with servo-actuated control surfaces. Lee and Gerontakos (2004) applied different techniques, such as surface pressure measurements and hotfilm measurements to measure the generated forces by an oscillating airfoil in a wind tunnel. Boutemedjet et al. (2004) used a sting balance that is an elastic structure to measure aerodynamic loads in a wind tunnel. The sting balance is generally classified based on the measured component and its location in the wind tunnel. In this study, a six-component sting balance was used to measure the momentum components and the sting balance was calibrated by a calibration rig before the wind tunnel measurements. Dickinson et al. (1999) and Nakata et al. (2011) used force sensors to measure lift and drag on a rotating insect wing. Traub (2018) presented the design of a lowcost wind tunnel balance but did not discuss the calibration technique. In this study, a validation experiment was conducted by comparing the measured data for slender delta wings against published data. Liu et al. (2015) , investigated the interaction effect of different components on a five-component sting balance. In this work, a simple calibration was presented, and the sting balance was evaluated with designed experimental setups and evaluation procedures.
This paper describes the upgrading and calibration of an educational wind tunnel for a fixed-wing MAV aerodynamic loads measurements. The literature review indicates the importance of wind tunnel testing for aerodynamic analysis of the fixed-wing MAVs. Therefore, in this study, the applied wind tunnel for aerodynamic analysis was upgraded with a state of art data acquisition system to deal with the different sensors signals. The wind tunnel used in this study has as a sting balance (the sensor used to measure forces and moments for models in wind tunnel); hence, it needs to be calibrated. In this work, the sting balance is first calibrated using the described in Boyle (1988) , Erm and Ferrarotto (2009) and Ulbrich and Gisler (2013) . Then, uncertainty analysis and validation experiments are conducted to evaluate the calibrated wind tunnel data. Finally, wind tunnel corrections are applied to the validation experiment to eliminate the wind tunnel effect on measurements. The work presented in this paper was used to experimentally investigate the aerodynamics performance of the BlueBird MAV (Aboelezz et al., 2019 ).
Experimental methodology 1.Wind tunnel characteristics
To measure the aerodynamic loads of a fixed-wing MAV, an open-circuit subsonic wind tunnel is used. The tunnel entrance is fitted with a honeycomb flow straightener and turbulence reducing screens. The wind tunnel is driven by a 10 HP motor that can generate a maximum speed of 30 m/s with a turbulence intensity of 2%, in the 0.47×0.47×1 m test section volume. The used wind tunnel is equipped with five components force balance, such as axial (4.5 kg Max.), normal (11 kg Max.) and side forces (4.5 kg Max.) in addition to pitching (55.4 m.kg Max.) and yawing moments (55.4 m.kg Max.) (Aerolab user's manual). In the current research, the normal force, the axial force and the pitching moment component are used.
Wind tunnel upgrade
Upgrading the wind tunnel will include a new positioning system using a servo motor to enable fast and automatic angle of attack change. A differential pressure sensor "Sensirion model SDP1000, 500 Pa range" is used to measure the pressure difference. The static pressure ring has four holes at the exact beginning walls of the test section that is used for measuring the static pressure. This static pressure will be used for pressure and wind speed measurements inside the tunnel test section. A Uxcell Single Linear Electric Carbon Rotary Potentiometer 250K Ohm is applied as an angle of attack sensor. National Instrument (NI) data acquisition (DAQs) will deal with the different signals from the different sensors. The NI 9237 data acquisition card is chosen since it contains the entire needed signal conditioning circuits in addition to the great flexibility of the accompanying LabView software. The DAQ card specifications are included in Table 1 . The sting balance has a strain gage bridge for each component. Each bridge has four wires going out from the sting balance, two for excitation volt and two for the output signals; by wiring these wires in the DAQ card, the output signals from the sting balance are processed.
Calibrating the upgraded measuring system
The calibration of the upgraded system is explained in this section. The calibration includes the sting balance, angle of attack and airspeed measurements.
Sting balance calibration
Due to the sting balance flexibility, if a pure load or moment is applied in the sting balance, it will give output signals in all three components. Therefore, the output signal in one direction would be a combination of the applied forces and moments. For sting balance, it is possible to assume that the measured forces and moments are linear with respect to the applied forces. The measured forces (N: normal force, and A: axial force) and moments (M: pitching moment) are given by the following equations (Boyle, 1988; Erm & Ferrarotto, 2009) .
(1)
The subscripts R and B stand for the measured and applied loads, respectively. K ij represents the linear slope between the applied load and the output signal, for exam-
where 1 for N, 2 for A and 3 for M. The general form in matrix notation is given by:
(4)
The sting balance will be removed from the wind tunnel and installed in a calibration test rig that is shown in Figure 1 (a). The test rig enables fixation of the sting balance with any orientation and the rig itself is fixed to four adjustable legs to ensure leveling the rig. To obtain the calibration coefficients, K ij , a pure load will be applied to the sting balance and the output signals will be plotted versus the applied loads. The loads will be applied to the sting balance using weights and holder shown in Figure 1 (b).
Axial load calibration
To measure K matrix coefficients in the axial direction, the sting balance is fixed on the calibration rig while ensuring the axial direction of the sting balance is vertical. A pure axial load is applied (in the gravity direction) using weights and the weights holder on the sting balance leading edge. The output voltage for the three signal components (Normal, Axial, and Moment) are plotted as a function of the applied load as shown in Figure 2 .
Locating the moment center
The sting balance moment center is the reference point for moment measurement. A calibration bar shown in Figure 3 (a) is installed in the sting balance shown in Figure 3 (b). The slots in the bar are used to hold the weight holder. This calibration bar is also needed for the normal force and pitching moment calibration. To locate the moment center, a 500 gm constant load is applied at different locations (slots) in the calibration bar using the weight holder. The moment output signal is plotted versus the location. The moment center is the location where the moment signal is zero as shown in Figure 4 . The moment center location could be predicted at 7.6 cm from the leading edge of the calibration bar and 2.6 cm from the sting balance leading-edge including the calibration bar weight (See Figure 5 ). The moment center experiment is repeated three times and the uncertainty bound for the location is 1 mm. 
Normal load calibration
To calibrate the normal force component, a pure normal load is applied at the moment center as shown in Figure  6 (a). This pure normal force load affects the different sting balance components. By plotting the output signal from the sting balance versus the applied loads as shown in Figure 6(b) , the K coefficients in the normal direction can be calculated. From slopes in Figure 6 (b), the coefficients K 11 , K 22 , and K 31 are equal to 6.8611×10 -5 , -1.1996×10 -6 , and -5.8572×10 -6 volt/kg, respectively.
Pitching moment calibration
For the pitching moment calibration component, an alternative technique is needed because a pure moment cannot be applied. Therefore, a loaded schedule at different positions in the calibration bar is employed. The moment calibration component K 33 (the slope of applied moment versus the output moment signal) is expressed as follows:
At each location in the calibration bar, the moment calibration component can be calculated. In The values of K 13 , K 23 , and K 33 for the moment components are determined from Figures 7(a)-7(c) that are equal to 5.4516×10 -5 , -3.1904×10 -5 , and 2.1415×10 -3 , respectively.
The angle of attack calibration
The potentiometer that is used for measuring the angle of attack inside the wind tunnel, is also calibrated. Dial Angle Finder with 0.5 o uncertainty (See Figure 8(a) ) is applied to calibrate the angle of attack. The output signal from the potentiometer is measured and plotted versus the measured angle of attack, and the results are shown in Figure 8(b) .
Airspeed calibration
A differential pressure sensor is used to determine the airspeed in the wind tunnel. The sensor measures the pressure difference between the static pressure (P s ) at the beginning of the test section and the atmospheric pressure P atm . It is assumed that the total pressure is equal to atmospheric pressure. Based on the Bernoulli equation, the wind velocity, V, can be calculated as:
(7) As (P atm -P s ) is the output from the pressure sensor:
A handheld commercial hotwire anemometer with 1.25 m/s uncertainty is used to measure the airspeed and plot the relationship between the sensor outputs against the airspeed. The result is shown in Figure 9 . Also, the dynamic pressure is equal to the output of the pressure sensor based on Eq. (7). 
Uncertainty analysis
The quality and reliability of the values obtained from experiments are important. In this study, an uncertainty analysis is carried out to accept and deal satisfactorily with the measured values. There are many sources for the uncertainty of the obtained values including the measurement instruments, the calibration accuracy, and the statistical analysis of the actual measured values. For example, to calculate the statistical uncertainty that comes from the sting balance, the lift component (L) is measured six times for different angles of attack (α = -5 o to 20 o ), as shown in Table 2 . The uncertainty U j is defined as follows:
where σ and N are a standard deviation and the total number of trials, respectively. In order to estimate the uncertainty of the lift and drag forces, the sensitivity coefficients, c j , should be calculated. These coefficients are equal to the change of the quantity of lift and drag coefficients (C L , C D ) divided by the changes of the influential factors (L, D, α, V,…). For example, for j = 1, we have:
where S, q, and V are wing area, dynamic pressure, and wind speed, respectively. The sources of uncertainty in measuring the aerodynamic forces are (1) uncertainty in measuring the dynamic pressure value because of the pressure sensor accuracy, (2) uncertainty of measuring the angle of attack due to the accuracy of the potentiometer that calibrated with the Dial Angle Finder, and (3) uncertainty in the sting balance reading associated with its accuracy. The dynamic pressure in the test section can be determined by measuring the pressure difference between the static pressure (P s ) at the beginning of the test section and the atmospheric pressure P atm . A differential pressure sensor is used to measure the pressure difference between the static ring and the atmosphere, where the uncertainty of the pressure sensor according to its datasheet is 0.5% reading + 1 digit. The sensitivity coefficients of ∂C L /∂V and ∂C D /∂V can be determined by plotting lift and drag coefficient versus wind speed at different angles of attack.
For the angle of attack (α), the standard uncertainty is equal to (0.5)/2, where 0.5 is the worst uncertainty in measuring the angle of attack. The sensitivity coefficients for lift and drag forces are calculated by determining the slope of lift and drag coefficient versus angle of attack, c j = (∂C L )/∂α and c j = (∂C D )/∂α. The calibration uncertainty U j for sting balance measurements is equal to 0.006 kg (about 0.06 N) which leads to 0.03 standard uncertainty. The sensitivity coefficient for the sting balance measurements is equal to 0.7407.
After determining the different standard uncertainties, collective uncertainty, u c , is calculated as:
In order to determine the confidence of the computed uncertainty U, the effective degree of freedom β eff is calculated by Welch-Satterwaite formula as follow:
where β = (sample size -1). The commonly chosen confidence interval in estimating certain parameters is 95% (Bentley, 2005) . In this study, since the data are normally distributed, the standard deviation is equal to ±1.96 about the mean. For 95% confidence interval, the uncertainty of the measurements in this work is equal to the estimated overall uncertainty (U T ), where U T = K×u c and K is the coverage factor which is chosen as 1.96 for 95% confidence interval (Bentley, 2005) . To summarize this section, there are three sources of uncertainty in the measurements including (1) the dynamic pressure, (2) the angle of attack, and (3) the forces and moment. Each of these sources has it is own uncertainty. These uncertainties can be determined from the sensor datasheet or based on the sensor calibration.
Wind tunnel corrections including turbulence level effects on low Reynolds number
The flow in the free stream is different from the flow in the wind tunnel. The walls of the tunnel affect the flow stream and the wind tunnel generally does not have the same distribution of flow properties in real cases (Pope & Rae, 1984) . As the flow goes down in the test section, the boundary layer on the tunnel walls increases that causes a reduction in the effective area in the test section. In the wind tunnel, the solid blockage is defined as the ra- tio between the test section and frontal area of the model. Based on (Pope & Rae, 1984) , for the model to tunnel area ratio higher than 0.10, the solid blockage should be taken into consideration. The wake blockage is the effect of the model's generated wakes on the test section of the wind tunnels. Generally, for large wakes, its effect on measurements cannot be ignored especially for low aspect ratio wings in high angle of attacks. The wind tunnel streamlines curvature is different from the real flow, which affects the moment and lift coefficients, and also the angle of attack. There are many methods for wind tunnel corrections, such as the method of images, panel methods, measured variable methods, and the chart method (Pope & Rae, 1984) . In this study, the measured variable method can be used for wind tunnel corrections, but it will require to add more sensors to the tunnel with extra modifications in the tunnel's walls. A simplified method has been presented in (Shindo, 1995) that does not require installing more sensors to modify the tunnel. The corrections can be calculated with the following equations (Shindo, 1995) :
where ε is the correction factor, S is the wing area, D is the tunnel cross-section area, C D and C L are the measured drag and lift coefficient, and δ W is the boundary-correction factor that can be obtained from (Silverstein & White, 1937) . The corrected dynamic pressure (q c ) is calculated as:
This dynamic pressure is used for the corrected lift and drag coefficients (C Lc and C Dc ). These two coefficients are used in the following equations:
where α is angle of attack. With these corrections, the results will need one more additional correction for the wind tunnel turbulence level. Cheung and Melbourne (1980) conducted experiments on the cylinder for different blockage ratios and different Reynolds number. In these experiments, they included the turbulence effects by adding grids in the entrance of the wind tunnel test section. They showed that the variation in grid size changes the turbulence level in the test section. They also concluded that the change in turbulence level requires a change in the wind tunnel correction, especially in low Reynolds number flow. Wang et al. (2014) . investigated the turbulent intensity and Reynolds number effects on an airfoil at low Reynolds numbers (Wang et al., 2014) . They indicated that the effect that occurs due to increasing the turbulence is the same as the effect of increasing the Reynolds number. The turbulence factor (TF) is calculated as:
where Re is the Reynolds number and Re eff is the actual Reynolds number affecting the airfoil. In this study, it is assumed that the change in the Reynolds number will cause a change in the flow velocity in the incompressible low Reynolds number flow.
Cruz studied the turbulence intensities that fixedwing MAVs may experience when flying at low altitudes and speeds in two wind tunnel facilities using mesh grids (Cruz, 2012) . In this study, he used three airfoils in 2D and 3D configurations. The TF was estimated by using his investigation on flat plate airfoils. These investigations were used to determine the effective Reynolds number. Then, the effective velocity was calculated from effective Re to correct the effect of the wind tunnel turbulence level in calculation of the aerodynamic loads' coefficients.
Validating the upgraded measuring system
To validate the upgraded measurement system and the calibration of the sting balance, angle of attack, and airspeed sensors, an experiment is conducted on a low aspect ratio and low Reynolds number wing. The wing used in this validation experiment has the same geometry as the wing described in (Torres & Mueller, 2004) (see Figure10(a) ). The corrected measured data using the upgraded measuring system are then compared with the measurements reported by Torres and Mueller (2004) . The studied flat plate wing installed in the wind tunnel is shown in Figure 10(b) . This wing has an aspect ratio of 0.75 and a Reynolds number of 1×10 5 . The angle of attack for this wing is changing from 5 o to 22 o .
(a) (b) Figure 10 . Views of (a) low aspect ratio flat plate wing, and (b) installed flat plate wing in the wind tunnel In Figure 11(a) , the measured lift coefficient in the experiment is compared with the results of the experiments conducted by Torres and Mueller (2004) . In this study, to reduce the effects of hysteresis and to obtain the bounds for experimental uncertainty, the experiment is repeated for six times. The uncorrected curve has a flow angularity with about 1 o which causes the curve to move right and the blockage effect causes the curve to move up. As seen from the results, there is a maximum error of 4% between the uncorrected data and data obtained by Torres and Mueller (2004) .
To consider the drag added by the wing holder, the wing is removed from the wing holder and the drag polar is measured for the wing holder. This measurement is used to plot the drag polar with and without the wing holder as shown in Figure 11(b) for the mean coefficients of lift and drag. This correction is needed as it can affect the comparison with the experiment conducted by Torres and Mueller (2004) . Figure 11 (c) indicates the comparison of the drag polar for the measurements in this study with the results published by (Torres & Mueller, 2004) . The maximum error value in uncorrected data is 6.2% compared to the Torres and Mueller data. This means that for a lift coefficient, the drag coefficient has a 6.2% higher value compared to the experimental results in Torres and Mueller (2004) . This difference happens due to blockage and tunnel interference. As can be seen from Figure 11 , the results can be improved by using wind tunnel corrections.
As shown in this paper, the upgraded system yields result in a good agreement with the experimental results obtained by Torres and Mueller with an uncertainty of 5% for lift and drag coefficients. Allan et al. (2004) and Pass (1987) indicated that for a blockage ratio of less than 0.08 and a wingspan to tunnel-width ratio less than 75%, the tunnel interference can be negligible. This assumption in this study is not valid because of low Reynolds number and low aspect ratio conditions. In this work, the results are corrected considering the solid blockage, wake blockage, streamline curvature and turbulence level corrections. The maximum corrections for lift and drag are about 8% and these corrections include 3.75% for turbulence correction as shown in Figure 12 . 
Conclusions
Wind tunnels with a large test section can measure the aerodynamics loads of larger aircraft models and flow with higher Reynolds numbers. However, smaller wind tunnels can be used for fixed-wing Micro air vehicles (MAVs) with low aspect ratios that are operating in low Reynolds numbers. In this study, a small wind tunnel has been upgraded with a data acquisition system, to measure the aerodynamic loads of a fixed-wing MAV. A test rig was designed and manufactured to calibrate the sting balance outside the wind tunnel. By using a calibration procedure, it was possible to extract the relation between the applied loads to the sting balance and the output signals from the DAQ. These relations were used to estimate the calibration coefficients of the sting balance. These coefficients convert electrical signals to forces and moment values that can be used in the wind tunnel measurements. The moment center location also was predicted to be at 7.6 cm from the leading edge of the calibration bar. The sting balance calibration results also indicated high linearity between the applied loads and the output signals. In this work, the angle of attack and airspeed sensor were also calibrated. To validate the upgraded measurement system and the calibration of the sting balance, angle of attack, and airspeed sensors, experiments were conducted on a wing with a low aspect ratio in a low Reynolds number. The measured data in this study were corrected to exclude the wind tunnel effects. The experimental results showed a very good agreement with the study carried out by Torres and Mueller. It was indicated that for the uncorrected data, the maximum error values for drag and lift are 6.2% and 4%, respectively.
